Introduction 46 47
Bacillus cereus is a spore-forming Gram-positive bacterium that can cause 48 diarrheic or emetic symptoms of food poisoning (Kotiranta et al., 2000) . The emetic 49 syndrome is caused by consumption of cereulide-contaminated food, while the 50 diarrhoeal syndrome is caused by enterotoxins that are produced by B. cereus cells in 51 the small intestine (Stenfors Arnesen et al., 2008) . Food product groups that form a 52 potential risk for B. cereus infections include ready-to-eat foods containing rice or 53 pasta, milk and milk products, flavourings, pastry, vegetables and vegetable products 54 (Wijnands et al., 2006) . B. cereus must be able to withstand low pH conditions such 55 as encountered in foods acidified during food processing and conservation. 56 Furthermore, enterotoxic B. cereus strains have to survive gastric transit to reach the 57 human intestine. Therefore, a thorough understanding of the B. cereus response to 58 acid shock may aid in defining safe food preservation conditions. 59
Organic acids like lactic acid (HL) and acetic acid (HAc) are often used as food 60 preservatives. The pK a of acids (3.86 for HL and 4.76 for HAc) determines the ratio 61 between dissociated and undissociated forms at a given pH. The undissociated form 62
can diffuse into the cell where it dissociates, releasing protons, until an equilibrium is 63 reached. Different theories regarding the antimicrobial activity of organic acids have 64 been raised, such as dissipation of the proton motive force, including lowering of the 65 intracellular pH (pH i ), and intracellular accumulation of anions resulting in end-66 product inhibition (Brul and Coote, 1999; Cotter and Hill, 2003) . 67
The responses of Gram-positive bacteria to acid stress are diverse (Cotter and Hill, 68 2003) and may include activation of proton pumps and protein repair systems, 69 modification of cell membrane composition, production of alkali, and alteration of 70 4 metabolism. However, the acid stress response of B. cereus ATCC 14579 has not 71 been studied extensively. Available information is limited to the acid tolerance 72 response, which includes modulation of pH i and protein synthesis (Browne and 73 Dowds, 2002; Thomassin et al., 2006) . Moreover, most information on the bacterial 74 acid stress response is related to acid shock treatment or acid tolerance resulting in 75 inhibited growth, while there is no information available on the bacteriostatic and/or 76 bactericidal response to acid stress, although this is most relevant for food 77 preservation. 78
In this study, comparative phenotype and transcriptome analyses were performed 79 with Bacillus cereus ATCC 14579 exposed to pH 5.5 set with different acidulants 80 including hydrochloric acid (HCl), lactic acid (HL) and acetic acid (HAc). Phenotypic 81 responses included decreased growth rates, bacteriostatic and bactericidal conditions, 82 and these were linked with transcriptome analyses, providing insights in phenotype-83 associated, and general and acidulant-specific responses in B. cereus. 84 85 86 2. Materials and methods 87 88
Bacterial strains and growth conditions 89
Bacillus cereus type strain ATCC 14579 was obtained from the American Type 90 Culture Collection and grown at 30ºC, 200 rpm in Brain Heart Infusion (BHI, Becton 91 Dickinson, France) broth, buffered at pH 7.1 with 100 mM sodium phosphate. Cells 92 were grown to exponential phase, at which the culture was acidified to pH 5.5. pH 5.5 93 acid shock was achieved by addition of 0.238% (v/v) 12 M HCl (Merck, Germany), 94 by addition of 0.698% (v/v) HL (PURAC FCC 80; PURAC, the Netherlands), which 95 5 resulted in 2 mM undissociated HL, by addition of 0.205% (v/v) 12 M HCl in 96 combination with 0.074% (v/v) HAc (Merck, Germany), which resulted in 2 mM 97 undissociated HAc, or by addition of 0.571% (v/v) HAc, which resulted in 15 mM 98 undissociated HAc. Impact of acid exposure on growth of B. cereus was assessed by 99 measuring the optical density at 600 nm (OD, Novaspec II, Pharmacia Biotech, 100 Germany) of the cultures at different time intervals. The survival upon acid shock was 101 investigated by plating samples, taken at different time intervals, on BHI agar plates 102 (15 g/l bacteriological agar, Oxoid, England) and overnight incubation at 30°C. 103 104
ATP measurements 105
The ATP concentration of samples obtained from the acid shocked cultures at 106 different time intervals was measured. ATP measurements were performed using a 107
Biocounter M2500 (Lumac BV, the Netherlands) in combination with the Microbial 108 biomass kit (Celsis, the Netherlands) according to instructions of the manufacturer. 109
The conversion of ATP to AMP by luciferase was measured in Relative Light Units 110 (RLU). Using a range of ATP standards (100 nM -100 M), the unknown ATP 111 concentration of the sample was determined. An integration and measuring period of 112 10 seconds was applied. Total ATP was measured by adding 2 ml absolute ethanol 113 (Merck, Germany) to 1 ml of culture. After an incubation period of 10 minutes at -114 20ºC, 20 l of the ethanol culture mixture was added to 180 l of water and ATP was 115 measured. ATP background levels were obtained by determining the ATP 116 concentration of the supernatant. 117 118 2.2. RNA isolation, cDNA labelling and microarray hybridization 6 Samples for RNA isolation were taken at OD 0.5 just before addition of the 120 acidulants and at 10, 30, and 60 min of exposure. Twenty ml of the culture was used 121 for RNA isolation. After pelleting the cells in 30 sec (Eppendorf centrifuge 5804 R, 122
Eppendorf, Germany), the supernatant was discarded and the cell pellets were 123 resuspended in 1 ml Tri-reagent (Ambion, UK). The resuspended pellets were quick 124 frozen in liquid nitrogen and stored at -80ºC until RNA isolation. RNA isolation, 125 cDNA labelling and microarray hybridization were performed as described previously 126 (van Schaik et al., 2007) . Custom-made Agilent B. cereus microarrays (GEO 127 accession number GPL7679) were hybridized and after washing scanned in an Agilent 128 microarray scanner (G2565BA). Data were extracted using Feature Extraction 129 Software Version 8, which includes LOWESS normalization of the raw data. 130 131
Analysis of microarray data 132
After removal of the data for different controls printed on the microarray slides, 133 the normalized data for each spot from the microarrays were analyzed for statistical 134 significance using the Web-based VAMPIRE microarray suite (Hsiao et al., 2005) . A 135 spot was found to be differentially expressed between two samples when the false 136 discovery rate was smaller than 0.05. Subsequently, the data for the single spots were 137 
Growth and viability 157
The effects of pH 5.5 acid shock using different acidulants on B. cereus growth 158 were determined ( Fig. 1 ). pH 5.5 was set with HL and HAc, but because of their 159 different pK a this resulted in 2 and 15 mM undissociated acid, respectively. In 160 addition, a combination of HAc and HCl was used to acidify the cultures to pH 5.5 to 161 obtain a condition with 2 mM undissociated HAc. Adding HCl as acidulant had the 162 mildest effect and led to a decreased growth rate compared to the untreated control. 163
Addition of HL (2 mM undissociated acid) or HAc (2 mM or 15 mM undissociated 164 acid) resulted in growth arrest. However, prolonged incubation revealed a clear 165 difference between the conditions. In the conditions with 2 mM undissociated acids 166 growth was resumed whereas the condition with 15 mM undissociated HAc did not 167
show an increase of OD after 24 hours (data not shown). Assessment of colony 168 forming units (cfu) after 24 hours showed the unstressed control cultures to have 9.2 · 169 8 10 8 cfu/ml, HCl-shocked cultures to have 9.0 · 10 8 cfu/ml, the HL-shocked cultures 170 4.0 · 10 8 cfu/ml, the HAc/HCl-shocked cultures 2.6 · 10 8 cfu/ml, while the cfu of the 171 15 mM undissociated HAc shocked cultures were below the detection limit of 10 3 172 cfu/ml (data not shown). Assessment of the pH after 24 hours showed that the pH of 173 the unstressed control cultures had risen to pH 8.8, conceivable due to amino acid 174 catabolism resulting in the production of ammonia. The pH of the HCl-shocked 175 cultures was pH 8.5, that of the HL-shocked cultures was pH 7.2, and that of the 176 HAc/HCl-shocked cultures was pH 7.1. The pH of the HAc-shocked cultures had not 177 changed and remained at pH 5.5 (data not shown). 178 179
Effect of acid shock on ATP levels 180
The initial physiological responses of B. cereus upon exposure to the different 181 conditions used were studied in more detail by determining the viability through plate 182 counts and the cellular energy status through ATP measurements (Fig. 2) . Samples 183 were taken directly before and 10, 30, and 60 minutes after exposure. In the presence 184 of 2 mM undissociated HL or HAc/HCl, viable counts remained constant in 60 185 minutes of exposure, confirming the bacteriostatic conditions observed in Fig 1. In 186 contrast, in the presence of HCl viable counts were significantly higher (P<0.02), 187 indicating growth. Finally, in the presence of 15 mM undissociated organic acid the 188 viable counts were significantly lower (P<0.006), indicating bactericidal conditions. 189
To determine the effect of the different stress conditions on the energy status of the 190 cells, ATP measurements were performed (Fig. 2B) . The HCl-exposed cultures that 191 were continuing growth showed an increase of ATP levels after 30 min. The ATP 192 levels in the HL and HAc/HCl exposed cultures remained constant and exposure to 15 193 mM undissociated HAc resulted in a significant decrease in ATP levels (P<0.005). 194 9 Based on these results we conclude that only a pH 5.5 acid shock in the presence of 195 15 mM undissociated HAc caused depletion of ATP with concomitant loss of 196 viability. 197 198 3.3 Microarray analysis 199
Effect of acid shock on gene expression 200
To study the impact of the different acid shock treatments on gene expression, 201 samples taken after 10, 30, and 60 min exposure were compared to a reference sample 202 taken immediately before acid exposure (GEO accession number GSE15140). The 203 datasets of gene expression relative to the reference condition were used to construct a 204 dendrogram ( Fig. 3) showing differences in time and between treatments. The 205 bactericidal HAc shock grouped apart from the other treatments that did not affect 206 viability. From the three remaining conditions, the HAc/HCl shock and the HCl shock 207 grouped closest together. This was unexpected, as it did not correlate with 208 physiological responses for which the 2 mM undissociated organic acid treatments 209 responded similar and differed from the HCl shock. This overlapping response of the 210 HAc/HCl and HCl treatments may be due to the increase of Clions (2.5 mM and 2.8 211 mM, respectively) in both conditions due to the addition of HCl as the (co)acidulant. 212
Hierarchical clustering of all genes expressed upon all acid shocks revealed groups of 213 genes with similar expression profiles ( Fig. 4) (results presented in detail below). 214
Furthermore, it showed that the ratios obtained from samples exposed for 30 minutes 215
represented the majority of processes that were affected at earlier and later stages, i.e., 216 10 and 60 minutes of exposure, respectively. Therefore, ratios obtained from samples 217 exposed for 30 minutes were chosen for a more detailed analysis of the effects on 218 gene expression levels. 219 10 220
Gene expression associated with acid shock: the general acid shock response 221
The effects of acid shock were determined by selecting all genes having 222 significant differential expression in all acid exposures or in non-lethal exposures 223 specifically (see Supplementary material) . Genes differentially expressed in non-224 lethal conditions were determined by selecting the genes showing significant 225 differential expression in HCl, HL, and HAc/HCl and not showing a similar 226 significant differential expression in HAc. A set of 25 genes (17 up and 8 down) was 227 differentially expressed in all acid shock conditions and a set of 146 genes (86 up and 228 60 down) was differentially expressed in all non-lethal acid shock conditions. The 229 largest impact was shown on the expression of genes involved in energy metabolism, 230 oxidative and general stress response (up-regulated) and nucleotide metabolism and 231 cell-wall biogenesis (down-regulated) (Fig. 5 ). Energy metabolism was mainly 232 affected in pyruvate metabolism and TCA cycle (Fig. 6 ). Genes involved in 233 nucleotide transport and metabolism were down-regulated upon all acid shocks, which 234 is in line with the observed inhibition of growth ( Fig. 1) . Cell envelope biogenesis 235 was affected in teichoic acid and capsular polysaccharide synthesis genes. Notably, 236 expression of the F 1 F 0 -ATPase was down-regulated in non-lethal acid shocks. Based 237 on observations that acid stress conditions induced, next to a general stress response 238 involving B and ClpBC, an oxidative stress response involving superoxide 239 dismutase, catalase and iron homeostasis proteins, we conclude that reactive oxygen 240 species may be formed. At the same time the pyruvate metabolism is changing 241 dramatically, including induction of the TCA cycle and concurrent induction of 242 fermentation pathways. This may be required for maintaining intracellular ATP levels 243 ( Fig. 2B) and/or the redox balance. 244 11 245
Gene expression associated with bactericidal conditions 246
Genes associated with bactericidal conditions were defined as differentially 247 expressed genes in cells exposed to 15 mM undissociated HAc having different 248 expression upon exposure to 2 mM undissociated organic acids and HCl. 137 genes 249 (60 up-regulated and 77 down-regulated) could be associated with the bactericidal 250 condition (see Supplementary material) . The largest impact was on expression of 251 genes involved in energy metabolism and electron transport (up-regulated) and on 252 genes of unknown function (down-regulated) ( Fig. 5; Fig. 6 ). Different fermentation 253 pathways were induced via up-regulation of genes encoding L-lactate 254 dehydrogenases, lactate permease, and alcohol dehydrogenases. Expression of 255 electron transport genes was also up-regulated upon lethal HAc stress. It is 256 conceivable that the concerted activity of NAD(P)-dependent dehydrogenases and the 257 electron transport system is used as ultimate response to pump protons out of the cell 258 or to restore the redox balance. Other cellular processes that were specifically affected 259 by lethal HAc stress were transport mechanisms and cell membrane biogenesis. 260 261
Gene expression associated with bacteriostatic conditions 262
Genes associated with bacteriostatic conditions, i.e., the presence of 2 mM 263 undissociated organic acids, were defined as all similarly differentially expressed 264 genes (all at least two-fold up or all at least two-fold down) of the HL and HAc/HCl 265 exposed cells having different expression from the HCl and HAc exposed cells. Our In this study, B. cereus ATCC 14579 was exposed to pH 5.5 set with different 322 acidulants. Depending on the acidulant used, there was a clear difference in the 323 response, with HCl diminishing growth, 2 mM undissociated HL or HAc providing 324 bacteriostatic conditions, that were overcome with prolonged incubation, and with 15 325 mM undissociated HAc, providing bactericidal conditions. The fact that organic acids 326 display bacteriostatic or bactericidal effects at a given pH, whereas inorganic acids do 327 not, is well-recorded and this has mainly been attributed to a less efficient lowering of 328 the pH i in the latter case (Brul and Coote, 1999; Cotter and Hill, 2003) . However, the 329 specifically induced transcriptional responses to the different acidulants are still 330 unresolved and this topic will be discussed below based on our results obtained with 331 aerobically grown B. cereus ATCC 14579. 332
The phenotypic and transcriptome responses were studied in more detail for the 333 first 60 min of exposure. Differences in viable counts between the growth-inhibited, 334 bacteriostatic and bactericidal conditions were observed. ATP measurements showed 335 that the energy status is maintained within the cells for the non-lethal acid stress 336 conditions, as ATP levels remained constant or were elevated (Fig. 2B ). This may be 337 associated with a modulation of oxidative stress response and pyruvate metabolism 338 ( Fig. 5, Fig. 6 ). Under bacteriostatic conditions a more stringent oxidative stress 339 response is observed and additional modulation of amino acid and oligopeptide 340 transport compared to conditions that diminished growth. Exposure to 15 mM 341 undissociated HAc resulted in inactivation of cells after prolonged exposure and ATP 342 depletion within the first hour. Next to modulation of pyruvate metabolism and 343 oxidative stress response this may be associated with induction of alternative electron 344 15 transport systems and fatty acid biosynthesis genes. Under non-lethal acid stress 345 conditions, rerouting of the pyruvate metabolism was indicated by induction of a 346 butanediol fermentation pathway and part of the TCA cycle, whereas under 347 bactericidal acid stress conditions lactate, formate, and ethanol fermentation pathways 348 were induced. Apparently, the metabolic rerouting under bactericidal conditions is 349 insufficient to maintain the redox balance and to generate enough ATP. 350
A prominent aspect of the common acid stress response is the oxidative response. 351
This response is most pronounced for the bacteriostatic conditions, and least 352 pronounced for the bactericidal condition (Fig. 5 ). This indicates that acid shock of 353 aerobic B. cereus ATCC 14579 cells to pH 5.5 may cause increased formation of 354 reactive oxygen species that need to be counteracted as reflected in the increased 355 expression of superoxide dismutase, catalases, and nitric oxide dioxygenase. 356 Induction of superoxide dismutase by B. cereus upon acid stress has been reported 357 before (Browne and Dowds, 2002) and an oxidative stress response to mild acid stress 358 has also been reported for Bacillus subtilis (Wilks et al., 2009) . Notably, the 359 formation of reactive oxygen species and a role for oxidative damage in the 360 bactericidal activity of antibiotics in Escherichia coli was recently established 361 (Kohanski et al., 2007) . In our work, the induction of the alternative electron-transport 362 chains and NADH-dehydrogenase indicate that the electron transport chain is affected 363 under bactericidal conditions. Similar to the proposed bactericidal mechanism of 364 antibiotics in E. coli (Kohanski et al., 2007) , induction of oxidative stress related 365 genes may be a response to the formation of reactive oxygen species generated by a 366 perturbation of the electron transport chain. The role of reactive oxygen species in the 367 response of B. cereus to acid stress remains to be elucidated and is the subject of 368 further study in our laboratory. The oxidative response in B. cereus appears to include 369 
